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Chapter 8 The Search for “Heavy” Elements

When a nucleus captures a neutron, it often tries to correct for its neutron excess by
beta decay, turning a neutron into a proton and thus creating an atom with atomic Aumber
increased by one unit. This commonly observed phenomenon suggests a way to create new
elements of increased atomic number and thus to create ever more massive elements that are
not found on EarthMost of these elements are radioactméth very short half-lives.
However,theories of nuclear structure predibait at a certain atomieumber, which is
currently beyond present experimental limits, new long-lived nuclei can be created.

The most massive naturally occurrireement on Earth isiranium (U), with a
nucleus of 92rotons. In 1934 scientists startethe searctfor more massiveelements
with 93 or moreprotons. They succeeded i©940 whenneptunium(Np, Z = 93) was
synthesized at the University of California, Berkeley. EdieMillan and Philip Abelson
observed Np while studyinfission products produced the bombardment of*®U with
thermal neutrons. They found a radioactive reaction product that was not a fissioict.
This product was formed by the capture of a neutron to pradiiée which subsequently
B decayed t&*Np via the reaction

U +'n - ?*U (23.5 min) - *Np (2.36 d),

wherethe half life of thenucleus isindicated in theparenthesisMcMillan and Abelson
chemically separatethis new element,Np, from the interferingfission products and
chemically identified it as neptunium. Since this breakthrough discovery, scientists from all
over the world have been trying to discover ever more massvdicially produced
elements.

Plutonium (Pu, Z = 94yvasdiscovered in 1941 by bombardingueaniumtarget
with deuterons (a hydrogen nucleus with one proton and one neutrdhg¢ 60-Inch
Cyclotron at Berkeley. Glenseaborg, Atiur Wahl and Joseph Kennedghemically
separated neptunium fromhe target anddetected alpha particleBom the plutonium
daughter nuclei, as:

20U +°H - 2™ +%Np (2.1 d) - *%Pu (88 yr)

They chemically identified the isotop&Pu. Then,joined by EmilioSegre,they identified
#%u and showed that it was fissionable with thermal neutrons.

Once®*Pu was discoveredherewasthe potentiafor using it as a neuwarget to
produce more massive elements. In 1944Pai target was bombarded with alpbeaticles
at the60-Inch Cyclotron to produce curiu(@m, Z = 96) througtthe following nuclear
reaction

#%Pu (24,110 yr) ¥He - *Cm (162.8 d) +n.

After bombardment the material was sent toNtetallurgical Laboratory at ThéJniversity
of Chicago for chemical separation and identification ofriéa element?*“Cm decays to
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%y by emitting alphgarticles. The identification of curiunwas possiblebecause the
alpha decay of the daughteucleus,”*Pu, wasalreadyknown and could beused as a
signature for the identification of the curium precursor.

The discovery of americium (Am, Z = 95pon followed when &°Pu target was
bombarded with thermal neutrons in a nuclear reactor. Plutonium captured several neutrons
and ultimately became americiuffAm):

2%Pu (24,110 yr) #n - *°Pu (6,564 yr) +n - *'Pu (14.4 yr),
and
241py (14.4 yr)— 2Am (432.7 yr) +'n - **Am (16.0 h)— ?*Cm (162.8 d).

Americium was chemically separated from plutonium and further identified by observing its
beta decay to the knowffCm isotope.

Once americium and curium were discovered and isolated in macroscapiotam
they were used as drgets to produce more massive elemetiteough particle
bombardments. Berkelium (Bk, Z = 97) was produced by bombandilligram quantities
of americium with helium ions,

1AM (432.7 yr) +'He - **Bk (4.5 h) + 2'n.

Rapid chemical techniques were developed in order to separate and identigwtrssort-
lived element. Likewise, californium (Cf, Z = 98) was produced helaum bombardment
of a target made of microgram amounts of curium by

242Cm (162.8 d) #He — 2°Cf (45 min) +n.

The identification of this element was accomplished with gm#5000atoms produced in

this experimentThe nexttwo elementseinsteinium(Es, Z = 99)and fermium (Fm, Z =

100), were unexpectedly found in the debris from th&eéMthermonuclear explosiothat

took place in the Pacifi©Ocean in1952. Debris from the explosion wascollected and
analyzed at severdhboratories, andhe new ekmentswere discovered irchemical
separations of the material. Scientists explained the production of einsteinium and fermium
through multiple neutron captures byhe uraniumused inthe thermonuclear device
followed by several successive beta decays, which ultimately resulted in atoms with atomic
numbers 99 and 100.

The last three elements in the actinggiesare mendelevium (Md, Z 401),
nobelium (No, Z = 102) anthwrencium(Lr, Z = 103). Mendeleviumwastruly a unique
discovery becausthe new elementwas producednd identified virtually oneatom at a
time. Einsteinium was bombarded with helium ions to produce mendelevium through:

#3Es (20.5 d) ¥He - #*Md (78.1 min) +'n.

The production of mendelevium was estimated to be only a few atoms per experiment. The
reaction products fromthe bombardmentvere collected on thingold foils that were
dissolved in aracid solution,and thenchemically treated iorder to separate andentify

the Md atoms. This is commonly called the recoil method, and is used when small amounts
of atoms are produced.
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The discovery of nobeliunwas controversial. Aeam ofscientists from several
different laboratorieslaimed discovery in1957. However,scientists fromthe United
States and the Soviétnion could not confirm their fidings. The original claim was
proven to be falsehe productthat was thought to be nobeliunwvas actually something
completelydifferent. Nobeliumwas finally produced and positively identified ih958
through the following reaction:

24Cm (4730 yr) +°C -~ *®No (55 s) + 4'n.

Thefirst identification of lawrenciunwas made ahe BerkeleyLab’s Heavy lon
Linear Accelerator (HIAC) in 1961. Sveral targets of californiumsotopes were
bombarded with beams of boron. The reaction products were collected on dapgland
moved past a series of alpha detectors. The element lawrencium was identifiedasighe
of the known alpha decays of its descendant nuclei.

Once the actinide series was filled in the periodic table, work was started to produce
the transactinideelements. The most recent version of the periodic tableincludes
transactinide elements from rutherfordium (Rf, Z = 104) to element 112, which has not yet
beennamed. As scientistgied to discover and identifthe transactinidelementsthey
encountered several problentisat made theirtask extremely difficult. The rates for
producing these elements in accelerator bombardments were inctediblgonsequently,
only a fewatoms could be produced owbe course ofthe entireexperiment. Sometimes

w Element 112

scientists flrst synthesized
; Flement 112 in a particle
ki

| accelerator experiment that lasted
several weeks, I[I]'IE."_'!-' identified a single

atom by observing its characteristic six
alpha particle decay chain. which proved

that a new elenment was produced.

Fig. 8-1. The decay chain for identifying element 112.

these experiments went on continuously for several weeks. In addition, the half-lives of the
transactinides argery short, making their identification a difficult challenge. Unlike
neptunium and plutonium, theseelents mayundergoradioactive decay before being
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detected. As aesult, chemical separationsare generallyvery difficult to perform for
identifying transactinides. In order to confitimat anew elementhasactually beermade,
members of its decay chain must be detected and traced back as a signatuwekodhve
element.

Elements104 through 112 were discovered by obsentingdecay chain of their
descendant nucleOnly a few atoms of thessnew ekmentswere produced ineach
experiment. The atoms were isolated frtha target andbeam material byising aparticle
separator which separates atoms basethein differentmasses.The atomswere then
allowed to decay and theubsequenalpha particle decaproducts fromthe descendant
nuclei were correlated to identify the unknown parantieus. Inthe discovery ofelement
112, the individual atomswere identified by the decay chains of parent-daughter-
granddaughter nuclei (Fi§-1). Different combinations of target apdojectilewere used
in accelerators to produce these new elements.

Rutherfordium (104), dubnium (105), and seaborgium (106) were synthesized and
identified at Berkeley. Bohrium(107), hassium (108)and meitnerium (109) were
synthesized and identified in the early 1980s at the Gesellsth&thwerionenforschung
(GSI) laboratory near DarmstadGermany. Inthe 1990s, unnamedelement110 was
identified at the GSIBerkeley, andDubnalaboratories, and efnentsl11l and 112 were
found at the GSI laboratoryhe names for these new elements are under discussion.

New experimental techniques and apparatus are being devdlmpedientists to
extend the periodic table to even mareassive elements. A morefficient particle
separator, will use magnetic fields to separate atoms bastiomass and charge. This
equipment will allow detection of nuclidegth low productionrates and extremelghort
half-lives. There are plans for using such a separator to produce elements 114 and 116. The
present limits for discovering new elements are based on the low production rates and short
half-lives. The hope isthat new development in detection equipment will increase the
sensitivity fordetectingfewer atomgor even a single atom) with veshort half-lives. A
widely used theory predicthe existence of elements up to Z = 125thHis model,more
massive elementsould be sounstablethat their nucleivould immediately fly apart into
nucleons and nuclear fragments and never become atoms.

Traditionally, the discoverers of a newelement chose its nameThen the
InternationalUnion of Pure andApplied Chemistry (IUPAC) officially approves the
proposed name. However, feeveral of the transfermium elements (262 and higher)
there had been competing claims to their discovery. Recémtlypamedor elements have
been decided up to Z = 10Rable 8-1 lists the currently approved IUPAC names.

It hasbeenpossible to studyhe chemicaproperties orthe macroscopic scale for
elements as massive as einsteini@ement99) and onthe tracer scaléor elements as
massive as seaborgiuf@lement106). The elementdeyondthe actinides in the Periodic
Table are termed the “transactinides” andsdrewn in aModern PeriodicTable as irFig.
8-2 with all of the undiscovered elements through number 118 in their expected places.
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Table 8-1.“Heavy” element names that are approved by IUPAC.

Element IUPAC Symbol
Number Proposal

101 Mendelevium Md
102 Nobelium No
103 Lawrencium Lr
104 Rutherfordium Rf
105 Dubnium Db
106 Seaborgium Sg
107 Bohrium Bh
108 Hassium Hs
109 Meitnerium Mt

The yields of the most massive elements produced in bombardments ohtmtgiet
with “heavy” ions become extremely small with increasagmicnumber, dropping to as
little as one atom per week of bombardment for elements as massive as atomic number 112.
The half-lives decrease into the millisecond and the microsecond ratige gtentification
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Fig. 8-2. The Periodic Table. Note element 105 should baridiglement 107 should be Bh. Thible

was created before IUPAC made the final approval for element names.

of the new nuclei becomes increasingtiifficult. These half-liveswould be impossibly
short were it not for the presence of closed shells of nucleons to increase nuclear stability.

It has been possible to study the chemical properties of rutherfordium, hahnium and
seaborgium using the advanced techniques of one-atom-at-a-time chemisttiieweébult
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that theseproperties inthe main areconsistent with thoseexpected on théasis of
extrapolation from those dheir lower-masshomologuesn the PeriodicTable, hafnium,
tantalum, and tungsten. It should be possiblsirtolarly studythe chemicaproperties of
bohrium (107) and hassium (108), the homologues of rhenium and osmium. However, the
chemicalproperties cannot be determined reliablydetail from trendsexhibited by the
lighter homologues, because of the important role played by relativistic effectacttieat

some electrongre moving at velocities near tispeed of light) in these more massive
elements.

It will surely be possible tstudythe macroscopiproperties of fermiungelement
100) and not out of the question that this will eventually be donedodelevium (element
101). The art of one-atom-at-a-time chemistry will advance dayond whatcan be
imagined today to make it possible to study the chemistry of most massive eleiaits.
this will result inthe delineation of relativistic effects on tbbemicalproperties of these
very massive elements, which might thus be substantially different from eRpseted by
simple extrapolation from their less massive homologues in the Periodic Table.

Table 8-2. Summary of the reactions amdethodsused inthe discovery ofthe actinideand transactinide
elements. See Chapter 7 for an explanation of the reaction notation.

Element Production Reaction(s} Method of Discovery Year
neptunium (Np) 28 (n,B3-)*Np Chemical Separation 1940
plutonium (Pu) 23J(?H,2n**Np Chemical Separation 1941
ZBNp(B_)238Pu
curium (Cm) 2%PyfHe,n¥*Cm Chemical Separation 1944
americium (Am) ZPu(ny)®*°Pu Chemical Separation 1945
24Py (ny)*Pu
241PU(B_)241Am
berkelium (BK) 21Am(*He,2n¥*Bk Chemical Separation 1949
californium (Cf) 242Cm(*He,np*Cf Chemical Separation 1950
einsteinium (Es) 238(15n, B-)5ES Chemical Separation 1952
fermium (Fm) 238 (17n,PB-)*>Fe Chemical Separation 1953
mendelevium (Md) ZEgfHe,nf*Md Recoil Method, Chemicdl 1955
Separation
nobelium (No) 2Cm(*C,4n¥*No Recoil Method, Chemicdl 1958
Separation
lawrencium (Lr) 249/250125125 £( 10118 ¥)?59 3 Direct o Counting 1961
rutherfordium (Rf) 249Cf(*2C,4ny°Rf Parent-Daughter a | 1969
249CH(*°C,3nY>Rf Correlation
dubnium (Db) 249Cf(**N,4nY*Db Parent-Daughter a | 1970
Correlation
seaborgium (Sg) 249Cf(*®0,4n¥%%Sg Parent-Daughter- 1974
Granddaughter a
Correlation
bohrium (Bh) 209Bj(%Cr,n¥*Bh Velocity Separatdr 1981
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hassium (Hs) 208ppE8Fe NY*°Hs Velocity Separatdr 1984
meitnerium (Mt) 209Bi(*®Fe,n§° Mt Velocity Separatdr 1982
110 (unnamed) 209Bj(%°Co,ny*"11C Mass Separator 1991

208ppy F264\j,n) %6027 1 (-6 Velocity Separatdr 1994

249py s, 53110 Recoil Separator 1995
111 (unnamed) 209Bi(**Ni,n)?"?111 Velocity Separator 1994
112 (unnamed) 208ph (7N, nY7 7112 Velocity Separatbr 1996

"When more than one reaction is given, it means that a sequence of reactioexesaary to discover the
element.

’The Esand Fmreactionswerenot done in alaboratorysetting; multiple neutron capturefllowed by
successive beta decays were the result of a thermonuclear explosion.

A mixture of four Cf isotopes were bombarded simultaneously with a beam contdbhangd™B. The xn
means that different numbers of neutrevese emitted,depending orthe actual combination of target and
beam used to produce Lr.

“A velocity separator is used to separate reaction products based on the fact that reaction pbfferest of
masses will be emitted with different velocities.

*Three differentclaims to element 11Mave beenmade byteams fromLawrence BerkeleyNational
Laboratory, the GSLaboratory in Germanynd acollaboration from Dubna in Russiand Lawrence
Livermore National Laboratory. As of how, no one claim has been given sole credit for the discovery.

At GSI two different reactions were used to produce two different isotopes of element 110.
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